Low-cost spintronic devices functioning in zero applied magnetic field are required for bringing the idea of spin-based electronics into the real-world industrial applications. Here we present first microwave measurements performed on nanomagnet devices fabricated by electrodeposition inside porous membranes. In the paper, we discuss in details a microwave resonator consisting of three nanomagnets, which functions in zero external magnetic field. By applying a microwave signal at a particular frequency, the magnetization of the middle nanomagnet experiences the ferromagnetic resonance (FMR), and the device outputs a measurable direct current (spin-torque diode effect). Alternatively, the nanodevice can be used as a microwave oscillator functioning in zero field. In order to test the resonators at microwave frequencies, we developed a simple measurement set-up. ********************************************************************************** Table of Content figure ********************************************************************************** 3 MANUSCRIPT TEXT Spintronics is the emerging technology of spin-based electronics 1 . It is anticipated that spintronics will offer new functionalities that go beyond those possible with charge-based electronic devices. Low-cost spintronic devices functioning in zero applied magnetic field are required for bringing the idea of spin-based electronics into the real-world industrial applications.
MANUSCRIPT TEXT
Spintronics is the emerging technology of spin-based electronics 1 . It is anticipated that spintronics will offer new functionalities that go beyond those possible with charge-based electronic devices. Low-cost spintronic devices functioning in zero applied magnetic field are required for bringing the idea of spin-based electronics into the real-world industrial applications.
In addition to the phenomenon of the spin-transfer torque by spin polarized direct current (dc), predicted theoretically 2, 3 and recently observed experimentally [4] [5] [6] , the application of an alternating current (ac) at a particular frequency to a magnetic nanostructure (e.g. spin valve) can excite the ferromagnetic resonance (FMR) of one of the nanomagnets, leading to the generation of a measurable dc current (spin-torque diode effect) 5, 6 . However, all these nanodevices [4] [5] [6] were tested in external magnetic field.
Recently, a nanodevice consisting of three ferromagnets was theoretically proposed as a unit of magnetic random access memory (MRAM) functioning in zero magnetic field 7 . This device was just tested to excite the steady state oscillations (SSO) of the magnetization of the middle nanomagnet 8, 9 .
The magnetization switching in the three-nanomagnet device has been recently measured too 10 . At the same time, no microwave measurements (spin-torque diode effect) in zero applied magnetic field, H = 0, have been reported yet. Here we present microwave measurements performed on three nanomagnet devices in zero magnetic field. To our knowledge, these are the first microwave measurements performed on nanodevices fabricated by electrodeposition inside porous membranes 11 . In order to test the three nanomagnets resonators at microwave frequencies, we developed a simple measurement setup.
For practical applications, the advantage of the use of the structure with three magnetic layers in comparison with a standard two-layer spin valve is twofold: (i) the presence of external magnetic field is not necessary-it can function in zero magnetic field, and (ii) the magnitude of the dc current-driven spin torque is enhanced. The sample is inserted into a standard SMA microwave connector (see Figure 2 ). The nanowire is connected to the set-up by a golden layer sputtered on one side of the membrane and a STM tip at the other side (STM = surface tunneling microscope). A differential screw is used to approach the tip to the hemispherical top of a nanowire. The generator frequency is 2 ≤ f ≤ 18 GHz. The chopping frequency is 1.5 kHz.
* * * Electrical contacts to the nanowires grown in porous membranes are conventionally made by two gold layers sputtered at the both sides of the membranes 15 . For high frequency applications, this method is inappropriate, since the two gold layers create a shunt capacitance. So, we had to develop a new technique to contact the nanowires to the measurement set-up. A gold layer was sputtered only at one side of the membranes, and a STM tip was utilized to connect the nanowires, one by one, at the other side of the membranes, as sketched in Figure 1c . To reduce the noise and to improve the impedance matching, each membrane with the spintronic devices was placed inside of a SMA microwave connector, as shown in Figure 2 . By changing the direction of the tip approach, such a technique allows one to probe many of the millions of spintronic structures in one sample up to 40 GHz.
We have tested 19 samples. All measurements have been done at room temperature. The magnetoresistances of this sandwiched PSV are depicted in Figure 3b , showing a small hysteresis at high |H|. In the general case, a magnetic structure showing a hysteresis has two remnant states. The inset in Figure 3a depicts two resonant curves measured at H = 0 after the sandwiched PSV was exposed to 8 kOe (red curve, as that in the main plot) and to -8 kOe (blue). The two curves in the inset of Figure 3a are very similar, which is an indication that the structure of this sandwiched PSV does not have major defects (otherwise, the curve shapes are different).
In order to understand better the behavior of the sandwiched PSV, we tested the sandwiched PSV in an external magnetic field applied perpendicular and parallel to the nanowires (thus, to I rf ). We start with the case H ⊥ I rf . The evolution of the FMR spectrum depicted in Figure 3a in H ⊥ I rf is shown in Figure 3c ( H ≤ 0) and Figure 3d (H ≥ 0). In Figures 3c and 3d , one can see that, in addition to the change of FMR frequency, at high |H| there appear a number of smaller features which will be discussed below. The FWHM of the main mode as a function of H remains around 300 MHz, while the magnitude of the main mode has a maximum, 39 mΩ/mA, at H = 375 Oe and decreases in both directions from 375
Oe.
To explain jumps in the magnetoresistances in Figure 3b In Figure 4d , we show that the magnitude of dc voltage generated by M 2 is in accordance with the theoretical calculations 5, 6 , V dc ~ I rf 2 . The dependence of FWHM of the curves on magnitude of I rf (or supplied microwave power) in Figure 4d is typical too 19 : at low I rf (the first eight curves from the bottom), the FWHM is practically I rf -independent (= 110-140 MHz), while as I rf increases and becomes "high" enough, the FWHM starts to grow too (= 180-300 MHz). By increasing I rf further, we observed that the FMR frequency at a certain magnitude of I rf jumps to a higher frequency, and the shape of the resonance curve becomes asymmetric ("triangular") 19 .
We also tested the sandwiched PSVs in H || I rf . In this case, the f We would like to mention that the three-nanomagnet device sketched in To summarize, we presented microwave measurements performed on the three-nanomagnet spintronic device fabricated by electrodeposition inside porous membranes. We observed ac-current excited FMR of the middle nanomagnet in zero applied magnetic field. The resonance frequency of the nanostructure can be adjusted by external magnetic field, and its dependence on H is in good agreement with numerical simulations. The simulations also allowed us to infer the behavior of the magnetizations of each nanomagnet in applied magnetic field. The magnitude of the dc voltage generated by the threenanomagnet device is in good agreement with the theoretical predictions, V dc ~ I rf 2 . In order to test the resonators at microwave frequencies, we developed a simple measurement set-up. The threenanomagnet device can be used as a microwave detector, a microwave oscillator (see Supporting Information) or a unit of MRAM functioning in zero applied magnetic field. At room temperature, we were able to detect the FMR with an excellent signal-to-noise ratio of about 10 6 Bohr magnetons only.
Supporting Information

Experimental Section
The samples are grown in a membrane placed beforehand on a metal platform with a diameter of 2.5 mm having a pin at the other side, as shown in Figure 2 of the main text and in Figure S1 below.
The membrane is held on the platform by a Teflon cup having a hole with a diameter of about 1.6 mm.
The nanowires are grown in the central part of the membrane. After the growth and drying procedure, the sample holder with the membrane is inserted into a standard microwave SMA female connector which is then closed by a metal cup (see Figure 2) . The cup has a differential screw. The screw supported by a spring (not shown in Figure 2 ) pushes against a STM tip (Pt-Ir mechanically-sharpened wire). The tip is held by a tiny screw on the tip holder. The tip holder has "wings" which do not allow it to rotate, and make electrical contacts for the ac current. Once the SMA connector with the sample is closed by the cup, one can manually use the differential screw to approach the tip while watching a small-amplitude dc current to pass. The vertical resolution of the tip approach is approximately 7 µm.
Since the density of nanowires is high, the tip often, but not always, lands on the hemispherical top of 
Numerical Simulations
To explain jumps in the magnetoresistances shown in the main text in Figure 3 , and the f FMR (H) dependences depicted in Figure 4a for sandwiched PSVs, we performed numerical calculations.
The Landau-Lifshitz-Gilbert (LLG) equation of motion for a single-domain nanomagnet can be expressed in terms of the total free energy F instead of effective fields. When the easy-axis directions of the various anisotropies or nanomagnets have different orientations, as in our case, the LLG computations with the energy terms are more straightforward. In our sandwiched PSV, the easy axis of the M 3 cylinder is perpendicular to the easy axes of the M 1 and M 2 nanomagnets.
The magnetic configurations of the system were found by searching all local minima of the total free energy: F = F H + F D + F S , with respect to the magnetic-moment orientations of the three nanomagnets. The first term F H is the energy of the nanomagnets in applied magnetic field. F D is the energy of the dipolar interactions among the nanomagnets, and F S is the contribution of the shape anisotropy. Since Co 85 Cu 15 in the fcc structure has a small magnetocrystalline anisotropy, in our calculations we neglect possible contributions of magnetocrystalline and interface anisotropies.
The effective dipolar interactions were determined by integrating numerically over a grid the magnetostatic interactions among the nanomagnets. The found effective distances of the dipolar S1 . The procedure of the estimation of 4πM s (= 11.2 kOe) for Co 85 Cu 15 is described in the main text.
Thus, the effective dipolar interactions being determined, we can consider an ideal system of three point dipoles. In such a system, there is no hysteresis. Therefore, the ferromagnetic resonance (FMR) frequencies as a function of applied magnetic field is symmetrical with respect to the H = 0 axis (contrary to a real system). In the polar system of the coordinates, the position of each magnetic moment is defined by the polar angle θ and the azimuth ϕ (the θ = 0 direction is along the nanowire axis). In our ideal system, all magnetic moments lie in one plane. As a consequence, the polar angle θ along is As mentioned in the main text, in zero applied magnetic field, the measured FMR frequency of M 2 slightly varies: 5 ≤ f FMR ≤ 7 GHz. Numerical calculations (see below) show that f FMR (or f 2 ) is enough sensitive to the diameter of nanowires with a tendency: the larger the diameter, the higher the resonance frequency. At ø36 nm, f 2 = 5.6 GHz, while at ø40 nm, f 2 is already f 2 = 6.7 GHz. To fit the data in Figure 3 of the main text, in our numerical calculations the diameter of the nanowire was taken 36 nm. Also, independently of the diameter of the nanowires, the thickness of M 1 in calculations was reduced to 20 nm. This allowed a larger overlap of the regions of coexistence of FMR modes of the system without any significant effect on the FMR frequencies.
We found two static configurations which provide a complete description of the system. They are sketched at H = 0 in Figure S3 Figure S3 is stable at low |H|, and characterized by a higher resistance. In the configuration 2, the antiparallel orientation of the magnetic moments M 1 and M 2 is due to their dipolar interaction. The calculated FMR frequencies and corresponding angles for each configuration are shown in Figure S4 . The FMR frequencies for each mode are symmetrical with respect to the H = 0 axis. Figure S3 . Two static stable configurations of a sandwiched PSV at H = 0, obtained by searching local minima of the free energy.
As shown in Figures. S4b and S4d, by applying a magnetic field perpendicular to the nanowire axis, the M 3 cylinder in both configurations undergoes a continuous rotation from θ =°90 to θ =-°90 in the field changing from ( ) In order to fit experimental data, namely, the magnetoresistance in Figure 3e , and the FMR frequencies in Figure 4a , the switching between the two configurations is done "manually". From the slope of the f 2 (H) dependence shown in Figure 4a (red curve), we conclude that the M 1 magnet undergoes reorientation first while sweeping the field (see Figure 3e) . The high-frequency mode at weak negative fields in Figure 4a occurs due to simultaneous reorientation of both M 1 and M 2 magnets.
The result of such an adjustment is shown in Figure 4c . To recall, our simulations deal exclusively with uniform FMR modes. Figure S3 . The color of the curves corresponds to the color of M i in the plots.
Complementary Measurements
In addition to the ac-current excited FMR measurements (spin-torque diode effect), we have also carried out measurements of dc-current excited steady state oscillations (SSO) of the free (middle) layer in the sandwiched pseudo-spin-valves (PSV). To detect a microwave signal of SSO, we utilized the standard heterodyne technique. We used the resolution bandwidth of 1.9 MHz. The amplified signal was measured either by a microwave diode or by a Hewlett-Packard microwave power meter. They yield identical results.
As an example, Figure S5a shows two microwave-power spectra obtained in a sandwiched PSV in zero applied magnetic field. In the sandwiched PSV, the SSO occur in both directions of the dc current. This is an advantage for potential applications. The FWHM of the curves in Figure S5a 
